Abstract-In this paper, a gallium nitride (GaN)-based power amplifier (PA) is cooled and tuned thanks to multifunctional hybrid microfluidic channels integrated on a multilayer organic substrate composed of liquid crystal polymer and ceramic-filled polytetrafluoroethylene. The tuning microchannels are integrated in the organic materials, while the cooling microchannels are micromachined in a copper carrier. The tuning allows the PA to switch the frequency of operation from 2.4 to 5.8 GHz and vice versa. Heat removal is achieved by the motion of distilled water below the GaN die, while tuning is achieved by swapping air and acetone inside the source and load matching network microchannels. The novel idea behind the design of such tunable PAs relies on the design of microfluidically tunable matching networks. For the first time, tunability parameters are introduced and a generic methodology is described for the design of microfluidically tunable matching networks for any dies, frequencies, fluids, or stackups. The measured power added efficiency (PAE) and output power ( P out ) are: 1) PAE = 33.9% and P out = 37.1 dBm at 2.4 GHz with acetone and 2) PAE = 51.1% and P out = 37.9 dBm at 5.8 GHz with air. The liquid cooling seems to have no effect on P out for all measurements but shows a 1.5% increase in PAE for the 5.8-GHz measurements.
Hybrid Integrated Microfluidic Channels on Multilayer Organic Substrate and on Copper for
Tuning and Cooling an RF Reconfigurable S-/C-Band GaN-Based Power Amplifier spectrum is very large (3 MHz-300 GHz) and so are its applications, the spectrum has been split into multiple bands to support different types of applications [2] . The lower end of the spectrum up to 8 GHz is particularly interesting and many RF applications lie within this range. In the S-band (2-4 GHz), applications include wireless local area network technologies like WiFi, Bluetooth, and airport surveillance radars [3] , [4] . The C-band (4-8 GHz) contains frequency ranges that are used for many satellite communications, WiFi applications, and some weather radar systems [5] , [6] . RF packaging technologies for wireless systems have evolved with time to solve the growing challenges in terms of size miniaturization, multifunctionality, integration, and cost reduction. One of the more advanced packaging technologies is system-on-package (SoP), which can integrate several technologies with multiple functions into a highly dense and costeffective package [7] . SoP seems to be the right choice in this paper because of the multilayer aspect and the integration possibilities it offers to build integrated microchannels into RF substrates. Substrates that are candidates to be used for modern RF packaging should at least exhibit the following characteristics: 1) low loss; 2) stable dielectric constant over the frequency band of interest; and 3) multilayer integration capabilities. Some of the RF organic materials, mainly ceramic-filled polytetrafluoroethylene (PTFE) and liquid crystal polymer (LCP), are very good candidates for combining microfluidics with RF systems thanks to their excellent electrical and mechanical properties.
LCP is a flexible organic material that offers many advantages for RF applications: 1) low loss (tanδ = 0.0025 @ 10 GHz); 2) low cost; 3) commercial availability; 4) standard PCB processing; 5) large panel processing; 6) low-temperature processing (285°C); 7) extremely low moisture absorption (near-hermetic) (0.04%); 8) low in-plane coefficient of thermal expansion (17 ppm/°C); 9) excellent dimensional stability; 10) high stability of the dielectric constant (ε r = 2.9 @ 10 GHz) over temperature and frequency; 11) excellent adhesion to other materials; 12) multilayer integration; 13) flammability resistance. Given all these excellent properties, RF packaging on LCP has started to get momentum starting from the early 2000 and has since then attracted many RF packaging researchers' interest [8] - [12] . This is why LCP (ULTRALAM 3000 from the Rogers Corporation) is chosen in this paper for creating novel microfluidic RF packages for cooling and tuning purposes.
In the wireless transmission chain, RF power amplifiers (PAs) are essential components in any transmitter or transceiver module. Gallium nitride (GaN)-based PAs have become more popular for applications where frequency [13] and power [14] requirements are higher thanks to their higher breakdown voltage, power density, electron mobility, and temperature of operation [15] . Hybrid GaN devices have been integrated on LCP for an X-band transmitter (Tx) module [16] . Tunable PAs are becoming increasingly important for multipleband applications because they allow decreasing the number of required PAs in the system and thus reducing the complexity. Several techniques have been investigated in the past to design reconfigurable PAs: 1) the use of high-Q band stop filters at the output of the PA for second harmonic removal at low frequencies [17] ; 2) the use of voltage-controlled BST varactors [18] ; and 3) the use of reconfigurable MEMS-based matching networks [19] . In [20] , microfluidics have been used to design a tunable PA for 2.4-and 5.8-GHz frequencies. The results obtained in [20] are expanded in this paper: 1) to introduce the tunability parameters; 2) to rely on measured load-pull data instead of pure simulations; and 3) to combine cooling and tuning at the same time.
In this paper, we introduce for the first time a microfluidically reconfigurable PA that can, at the same time, be cooled and tuned from 2.4 to 5.8 GHz and vice versa using integrated microchannels. This paper focuses on the tuning techniques and covers the methodology and the design equations for microfluidically tunable matching networks. On the other hand, the cooling solution proposed has been thoroughly investigated and implemented in the past [21] - [23] .
II. MICROCHANNELS FOR COOLING AND TUNING
There are two types of integrated microchannels used in this paper.
1) Cooling Microchannels: These microchannels are placed beneath the heat source to cool down the device. The liquid used for cooling is distilled water, the cooling requires a pumping mechanism (micropumps) to ensure a steady flow of the coolant. These channels are localized and are wide enough to cover only the heat source area. This type of channels can be particularly interesting for high-power applications. 2) Tuning Microchannels: These microchannels are placed below the RF microstrip lines and are used to tune the frequency of operation of the reconfigurable RF structure. This is achieved by changing the fluid inside the microchannel, which in turn changes the effective dielectric constant of the medium where the electromagnetic wave travels. The motion of the fluid is not required, there should only be a way to get the fluid in and out. The dimensions of the microchannels are big enough to cover the area of the microstrip lines. This type of channels is useful for applications involving reconfigurable RF systems. Combining these two types of channels into a single design is therefore suitable for high-power reconfigurable RF designs, and the idea of the implementation is illustrated in Fig. 1 . As the characterization of cooling microchannels has been thoroughly studied in [23] , we focus in this paper on the tuning microchannels and how to design the microstrip lines on top of these microchannels for reconfigurable RF designs. In the next section, we discuss the idea behind the tunable PA.
III. TUNABLE PA DESIGN

A. General Overview
The goal of this paper is to design a reconfigurable PA that can be operated optimally at two different frequencies: 2.4 and 5.8 GHz. It extends the work done in [20] by implementing different types of microchannels for cooling and tuning. In order to achieve the desired tunability, reconfigurable matching networks are used to present different optimal impedances to the transistor die depending on the frequency of operation (Fig. 2) . The source and load matching network frequency responses are changed using different fluids inside their respective microchannels. In this paper, acetone (ε r = 20.7) and air (ε r = 1) are used to provide optimal impedances at 2.4 and 5.8 GHz, respectively.
The transistor die (CGHV1J006D) used is a 6-W highvoltage GaN high electron mobility transistor (HEMT) die from CREE on a silicon carbide substrate using a 0.25-μm gate length fabrication process (Fig. 3) . The overall size of the die is 0.8 mm × 0.84 mm with a thickness of 100 μm.
B. Tunability Parameters
In this section, M(Z 0, E, ε reff , f ) denotes a microstrip line M with a characteristic impedance Z 0 and an electrical length E designed on top of a multilayer substrate Sub with an effective dielectric constant ε reff at a certain frequency f .
, and if the substrate and/or the frequency changes, then M = M(Z 02 , E 2 , ε reff2 , f 2 ). Z 02 , E 2 , and ε reff2 are obtained by first synthesizing the linewidth W on Sub 1 and then analyzing the same width W on Sub 2 . We define the microstrip impedance ratio MIR and the microstrip electrical ratio MER as the percentage change of Z 0 and E, respectively,
Fig. 4 is a plot of the variation of MER and MIR with the microstrip impedance Z 01 with ε r1 = 20.7 (acetone), f 1 = 2.4 GHz, ε r2 = 1 (air), and f 2 = 5.8 GHz over a twolayer substrate composed of a channel of variable thickness t at the bottom and a 2-mil (1 mil = 25.4 μm) LCP layer (ε r = 2.9) at the top. As an example on how to interpret these results, if acetone is substituted with air inside a 20-mil channel, then a 50-line on acetone at 2.4 GHz will see its characteristic impedance increase by 145.5% (MIR = 145.5%) and its electrical length decrease by 3.5% (MER = −3.5%) in air at 5.8 GHz.
C. Tunable Matching Network Design
The tunable matching networks are designed on a multilayer organic substrate consisting of a 2-mil-thick LCP layer (ε r = 2.9) on top of a 20-mil-thick RO3003 layer (ε r = 3). Fig. 5 is a cross-sectional view of the stackup used along with the different thicknesses. The channel thickness of 20 mil is chosen because it allows the design of low-impedance lines for reasonable line widths while providing a reliable mechanical support for the microchannel.
The topology of the tunable matching networks consists of two standard single stub matching networks M 1 and M 2 at the source and the load. Fig. 6 is an example of a tunable source matching network; the design methodology is the same for the load matching network. The top and cross-sectional views of the complete structure are shown in network on acetone at f 1 
is fully matched to 50 on acetone at f 1 using this design.
2) Operation in Air at f 2 = 5.8 GHz:
The characteristic impedance of all 50-lines changes to (1 + MER(50)) · 50 ≈ 122 in air at f 2 . L 5 is chosen to be a λ/4 line at f 2 and so we have
, which is then transformed by M 2 to 122 2 /50 ≈ 300 . The λ/4 line L 5 transforms 300 into 50 at f 2 . The electrical lengths obtained are E 3 = 2.9°@ f 2 and E 4 = 151°@ f 2 . As L 4 is a λ/2 line at f 1 and is part of the single stub matching network M 2 at f 2 , then L 4 should satisfy two conditions at the same time: E 4 = 180°@ f 1 and E 4 = 151°@ f 2 . We observed that a solution to this problem always exists for a certain characteristic impedance Z 04 when carefully choosing a pair (E 1 , E 3 ). The possible number of pairs for (E 1 , E 3 ) is four, as any given single stub matching network always offers two solutions. Using (40), we are looking for a characteristic impedance Z 04 such that 
IV. FABRICATION PROCEDURE
Two designs were fabricated and tested: 1) the thru-reflectline (TRL) de-embedding standards + transistor die and 2) the microfluidically tunable PA. The first design was used to perform source/load-pull measurements to extract optimal source and load impedances for the actual transistor die, while the second design was meant to measure the performance of the final packaged microfluidically tunable PA. The fabrication of both structures starts with a 6 in × 6 in double copper clad ULTRALAM 3850 laminate with a thickness of 2 mil. Copper is etched out from one side using nitric acid. For the tunable PA design, vias with a diameter of 1.2 mm are drilled using a CO 2 laser. These vias serve as entry points for the different fluids and they are also useful to separate the LCP from the bottom ground after the lamination process. A 6 in × 6 in double copper clad RO3003 laminate, which is 20 mil thick, is etched out from both sides using nitric acid. Cavities are ablated on it using a CO 2 laser to create the microchannels in the case of the tunable PA. These same cavities, but slightly widened, are ablated on two 6 in × 6 in bond plies (ULTRALAM 3908), which are 1 mil thick. The bottom ground of the structure is made out of a 6-mil-thick copper shim. The whole stackup is then laminated at 285°C using a thermal press. Electron beam evaporation is used to deposit 40 nm of titanium and 1 μm of gold on top of copper. Gold is used to facilitate the bonding of the gold wires during the wire bonding phase and also for die attach. Alignment vias and CPW ground vias with a diameter of 22 mil are drilled from the back side. CPW vias are filled with silver epoxy and cured to create the ground connections. Samples are then cut into 3 in × 3 in samples, so four samples can be created during the same fabrication process. The top side of each one of them is then patterned using standard lithography techniques. Gold, titanium, and copper are etched out subsequently using a GE-8148 gold etchant, a 10:1 diluted hydrofluoric acid solution, and ferric chloride, respectively. For the tunable PA design, the LCP is separated from the bottom ground using a sharp needle in order to open up the cavities. Silicone tubes of 2.4 mm are attached to the injection vias using a commercial plastic epoxy and the water flow inside the cooling microchannel is then tested using a small TCS micropump, while acetone is injected inside the tuning microchannel using a syringe and then sealed with Kapton tape. In an effort to make this design also suitable for integrated cooling exclusively on organics in the future, cooling microchannels were micromachined in the ceramic-filled PTFE material; these samples can then be tested for cooling and tuning without the need of any copper carriers or any hybrid microchannels. The load and source matching networks are then cut and attached to a copper carrier in which are drilled circular microchannels with a diameter of 36 mil. The distance between the cooling microchannel and the die sitting on top of a 30-mil pedestal is about 50 mil. For both designs, the GaN die is attached using indium silver and the die is then wire bonded to the gold pads using a semiautomatic wire bonder after curing indium silver. A detailed fabrication flow is illustrated in Fig. 8 ; steps 3 and 6 are not part of the TRL standard fabrication. Figs. 9 and 10 show the photographs of both samples at each step of the fabrication process.
V. MEASUREMENTS AND RESULTS
The first part of the measurements was dedicated to the characterization of the device under test (DUT); these characterizations were as follows: 1) effective dielectric constant extraction; 2) TRL line de-embedding; 3) pulsed-I V curves extraction; and 4) small-signal power sweeps at optimal source and load impedances. The second part was about measuring the performance of the fully packaged tunable PA; the tests performed were as follows: 1) pulsed-I V ; 2) small-signal S-parameters; and 3) 50-power sweeps with air and acetone filling the tuning microchannels with or without water flow beneath the cooling microchannel. Package fabrication flow. 1) double-clad RO3003 + two bondplies. 2) copper etching from both sides of RO3003. 3) cavity ablating on RO3003 and bondplies. 4) double-clad ULTTRALAM 3850. 5) copper etching from one side of ULTRALAM 3850. 6) drilling of injection vias. 7) lamination. 8) Ti/Au deposition. 9) drilling of RF ground vias. 10) micromachined structure on organics. 11) final hybrid micromachined structure.
The measurements were done using a vector-receiver load pull system. All small-signal measurements were done from 1 to 7 GHz and the device has been biased under class A operation for a quiescent current I DS = 60 mA and a drainto-source voltage V DS = 40 V. The device has a breakdown voltage of 100 V. The duty cycles used were either 10% or CW depending on the situation. by specifying the different line delays τ using the following equation:
A. DUT Characterization 1) TRL Calibration and Effective Dielectric Constant
The extraction of the effective dielectric constant was done with the aid of a tool called "Statistical Plus" from "NIST." The estimated and measured ε r eff values are shown in Fig. 11 . To make sure that the fabricated standards are 50-quarterwave lines, the standards are measured and de-embedded using the TRL calibration method. The de-embedded measurements of the standards are then compared with the simulation. To get meaningful comparison plots, a mismatch is introduced at the simulation ports such that the S-parameters are normalized to 30
(it is important to do so when the characteristic impedance of the line is very close to the impedance of the simulation ports). However, 50-S-parameters are also provided to get an idea about the measured return and insertion loss. Fig. 12 includes S-parameters of the 2-GHz line and shows good agreement between measured data and simulations, and the graphs for the other lines were omitted for space considerations. Based on the return loss, it can be seen that the characteristic impedance is very close to 50 and that the electrical length is 90°at the design frequency. 
2) I-V Curves and Small-Signal S-Parameters:
The following step was to measure the pulsed-I V characteristics of the GaN die. Fig. 13 shows the pulsed-I V curves of the die where V GS and V DS were swept from −2.6 to −2.36 V and from 0 to 40 V, respectively, with a duty cycle of 10%. The smallsignal S-parameter measurement and simulation of the DUT is shown in Fig. 14. The inductance values assigned to model the wirebonds and the ground vias were tuned to match the simulation with the measurements. The values of the input inductance and the output inductance were set to 0.58 and 0.7 nH, respectively, while the ground inductance was set to 0.32 nH.
3) Load/Source-Pull Optimizations: The large signal characterization was done at 2.4 GHz for P in = 25 dBm and at 5.8 GHz for P in = 28 dBm. The goal was to get the best tradeoff between P out and power added efficiency (PAE). Table I is a summary of the obtained results, which shows once again a good correlation between the simulations and the measurements. (Fig. 15) . V GS was swept from −2.6 to −2.26 V, while V DS was swept from 0 to 40 V. Small-signal S-parameters were also extracted for two cases, where acetone is filling the matching networks (Fig. 16) and air is filling the matching networks (Fig. 17) . 2) Large-Signal Power Sweeps: Power sweeps (Figs. 18 and 19) were performed on the copper-based PA while varying the following parameters: 1) the fluid inside the tuning microchannels; 2) the flow inside the cooling microchannel; and 3) the duty cycle. In the case where the flow of water inside the cooling microchannel did not bring any improvement to the electrical performance, some plots were omitted or grouped into a single curve. From the results, it seems that the water flow does not affect the performance for the 2.4-GHz measurements. Moreover, it does not affect much the output power, but it starts to have some influence on the PAE for the 5.8-GHz measurements where a 1.5% increase in PAE is observed at the 28-dBm input power compared with the nonflow case. The impact of the cooling microchannel might has been reduced with the presence of the thick copper carrier, which contributes to heat removal through conduction. In addition, due to manufacturability limitations, 50 mil was the minimum distance that could be used to place the channel beneath the die area, where a smaller distance could have had made cooling more efficient. On the other hand, the effect of reducing the duty cycle drastically improves the PAE in all cases. Finally, the performance obtained at 10% duty cycle without water flow with: 1) acetone at 2.4 GHz is PAE = 33.9% and P out = 37.1 dBm = 5.2 W and 2) air at 5.8 GHz is PAE = 51.1% and P out = 37.9 dBm = 6.1 W.
VI. CONCLUSION
In this paper, hybrid microchannels have been integrated on organics and copper to cool and tune a 2.4-5.8-GHz PA. Tunability parameters have been introduced for the first time and have served to design the microfluidically tunable matching networks, which in turn have been used as the building blocks of the microfluidically tunable PA. A detailed fabrication flow of the PA has also been described thoroughly. Moreover, the measurements and the simulations have been provided and compared with each other for small-signal S-parameters, de-embedding, load/source-pull optimizations, and large-signal power sweeps. It was observed that water flow slightly affected the PAE in some cases but did not have an influence on P out . Future work could focus on the study of integrated microchannels for cooling and tuning on organics only without using a copper carrier.
